We have designed four multifunctional high-transition-temperature directly-coupled superconducting-quantum-interference-device (SQUID) magnetometers on a 10 mm × 10 mm SrTiO 3 bicrystal substrate. Each magnetometer is composed of two serial bare SQUIDs. These magnetometers can be connected to four kinds of first-order electronic planar gradiometers or two kinds of second-order electronic planar gradiometers by using analog subtracting electronic circuits. The performance and noise spectra of each magnetometer, two first-order electronic planar gradiometers and a second-order planar gradiometer were measured. We measured the small magnetic signal generated from a double D coil to show that this design could supplement the deficiency of a magnetometer.
A superconducting quantum interference device (SQUID) magnetometer is the most sensitive magnetic sensor in the world. It has been widely applied in many different territories, such as solid state physics, biology, geography, astronomy 1 , etc. After the discovery of high-transition temperature superconducting (HTS) material, many HTS SQUID systems have been constructed and applied to different applications such as nondestructive evaluation (NDE), scanning SQUID microscope (SSM), and magnetocardiography (MCG) 1 , etc. For practical applications, a multi-channel system 2-3 is more useful and powerful, especially in bio-magnetic research. A multi-channel system could perform a large area measurement and reduce measuring time. Alternatively, a multi-channel system offers the possibility for the measurement of the gradient of magnetic field.
Referring to the concept of a multi-channel system, we have developed a multi-functional design of HTS dc SQUID magnetometers on a chip to increase the flexibility of applications. In our design, four dc SQUID magnetometers are fabricated on a 10 mm × 10 mm SrTiO 3 bicrystal substrate. Each magnetometer is composed of two serial bare SQUIDs, with 3 μm wide Josephson junctions, and of a 4 mm × 4 mm pick up loop with a width of 200 μm. As a result, we are able to create at most four magnetometers in one fabricating process. Though it is unlikely that the performances of each magnetometer will be the same, we can choose the best one for practical applications.
Furthermore, these four magnetometers can be used to construct four kinds of first-order electronic planar gradiometers or two kinds of second-order electronic planar gradiometers by using analog subtracting electronic circuits. Hence, the magnetic field, B z , the first-order spatial derivatives of the magnetic field, ∂B z /∂x and ∂B z /∂y, and the second-order spatial derivative of the magnetic field, ∂ 2 B z /∂x∂y and ∂ 2 B z /∂y∂x, can be measured at the same time. For those applications working in unshielded environment, reducing the influence from the external noise is very important. Gradiometers have been shown to reduce the noise from the external environment 4 . We will show that the electronic planar gradiometer based on our design could work well under the unshielded environment and reduce external noise. Fig. 1 shows the layouts of the four directly-coupled dc SQUID magnetometers used in our experiment. Each magnetometer was composed of two serial dc SQUIDs and a square pick-up loop with an outer side length of 4 mm and width of 0.2 mm. The design of two serial dc SQUID in a magnetometer may enhance the peak-to-peak value of the output voltage, V pp , of SQUID. Generally, the larger V pp value could enhance the sensitivity of magnetometer 5 . The width of the SQUID grain boundary junction and the modulation coil were 3 μm and 0.2 mm, respectively. The slit of the SQUID body was 100 μm long and 4 μm wide. The distance between the centers of two SQUIDs was 100 μm. The YBa 2 Cu 3 O 7-δ thin film was prepared with high-pressure off-axis pulsed laser deposition 6 deposited onto a 10 mm × 10 mm SrTiO 3 bicrystal substrate with a misorientation angle of 24°, with its thickness being 200 nm. Table I depicts the basic performance of these four magnetometers at 77.4 K. Obviously, the performance of each magnetometer is not the same. Although these magnetometers were fabricated on the same chip, the defects of the bicrystal line and the uniformity of the thin film caused the discrepancy between each magnetometer 7 . Fig. 2 shows the noise spectra of each magnetometer. The noise spectra were measured in both shielded and unshielded environments. When measuring the shielded noise spectra, the magnetometers were enclosed in a superconducting can and cooled down to 77.4 K. The unshielded noise spectra were measured under a noisy environment in which many apparatuses, such as air conditioner, mechanic pumps, etc., were working. Before recording the unshielded noise spectra, we would rotate the probe to find a direction that the measured noise is relatively lower. The shielded noise spectrum of each magnetometer at 10 Hz was about 10 μΦ 0 /Hz 1/2 , which corresponds to about 170 fT/Hz 1/2 with an effective area of 0.122 mm 2 . It also showed that the 1/f noise of each magnetometer was not drastic. It is obvious that the unshielded noise spectra are much higher than the shielded noise spectra. Though the performance of each magnetometer was not the same, this design may provide us with an option of choosing the most suitable of the magnetometers for applications.
Next, we used these four magnetometers to construct two first-order electronic planar gradiometers or a second-order electronic planar gradiometer by using homemade analog subtracting electronic circuits. The gradiometer 1 was composed of magnetometers 1 and 2, and the gradiometer 2 was composed of magnetometers 3 and 4. Furthermore, the second-order gradiometer was made up of two first-order gradiometers. For gradiometer 1, we simultaneously input a triangular wave into the modulation coils of magnetometer1 and 2. We recorded the output of each magnetometer and tuned the coefficient of amplification of each magnetometer to ensure that the subtracted signal was zero. The gradiometer 2 was tuned by the same way. Then the second-order gradiometer was set by tuning the coefficient of amplification of gradiometer 1 and 2. The noise spectra of these two first-order electronic planar gradiometers and the second-order electronic planar gradiometer, which were also measured in the unshielded environment, are shown in Fig. 3 . Compared with the unshielded noise spectra of magnetometer, the first-order electronic planar gradiometer reduced noise effectively, but the signals of some specific frequencies and their harmonics were still existent. The noise of the first-order gradiometer was about 5 times less than the noise of the magnetometer under the unshielded environment. However, seeing the noise spectrum of the second-order electronic planar gradiometer, the curve is flatter, and the signals of those specific frequencies and their harmonics were subtracted completely.
For multi-channel systems, the crosstalk effect between each channel is a problem that cannot be ignored. The crosstalk [8] [9] , in dB, between magnetometer α and β is defined as the ratio of the output of magnetometer α divided by the output of magnetometer β: crosstalk of adjacent magnetometers was larger than that of diagonal magnetometers. In general, a SQUID magnetometer or gradiometer is used to detect the small magnetic signals which are about tens of pico-Tesla or smaller. For a signal of tens of pico-Tesla, the crosstalk of -20dB is about hundreds of femto-Tesla which is lower than the unshielded noise level. So we believed that the crosstalk of our sensor was not severe, even for the adjacent magnetometers. The signals of each magnetometer were not distorted severely. Therefore, this design may be applied to a multi-channel system. In the situation where the magnetometer has not response when it is used to measure a sample, it is not conclusive that the sample is nonmagnetic. If a sample is smaller than the pick up loop of the magnetometer, and its field is like a magnetic quadrupole, the magnetometer would not be able to detect it. However, a gradiometer would be able to identify the sample as magnetic. In our experiment, we also simulated this situation. We set a double D coil whose radius was about 1.5 mm below the magnetometer 4. Then we put a square wave signal into the double D coil and measured it. The measured results are shown in Fig. 4 . It is obvious that the magnetometer 4 was not able to measure the signal generating from the double D coil. In contrast, the first-order and the second-order electronic planar gradiometer were sensitive to the double D coil. Therefore, if we use one of the four magnetometers to measure a sample without signal response, we could immediately use the electronic planar gradiometer to check whether the sample is really nonmagnetic or not. This is one of the advantages of our design.
In conclusion, we had fabricated multifunctional HTS dc-SQUID magnetometers on a 10 mm × 10 mm SrTiO 3 bicrystal substrate, four dc-SQUID magnetometers, four first-order electronic planar gradiometers or two second-order electronic planar gradiometers can be used at the same time. The four magnetometers could give us a choice of picking which of the four would be the best one for applications. The electronic planar gradiometers reduce environmental noise and could have been easily applied to the experiments that were done in the unshielded environment. On the other hand, this design could also easily be applied to construct a HTS SQUID multi-channel system. We also showed that this design could measure the small magnetic quadrupole field which may not be detected by a magnetometer. So it could supplement some insufficiencies of a magnetometer. As a result, the design proposed here is a feasible way to enhance the applicability of HTS SQUID sensors. 
